Abstract. One of the most challenging tasks in the coal mining sector is the detection of endogenous fire risks. Under field conditions, the distance between the points where samples for the analyses are collected and the actual place where coal self-heating takes place may be quite remote. Coal is a natural sorbent with a diverse character of pore structures which are surrounded by fractures and cleavage planes constituting ideal spaces for the flow and adsorption of gases. The gases (methane, ethane, ethylene, propane, propylene, acetylene, carbon dioxide, carbon monoxide, hydrogen) released from the source of fire migrate through the seam and may be subject to adsorption, or they may cause the desorption of gases accumulated in coal. Therefore, the values of reference sample concentrations may be overstated or understated, respectively. The objective of this experimental study was to investigate the adsorption phenomena accompanying the flow of a multi-component gas mixture through a coal bed which may occur in situ. The research was conducted by means of a method based on a series of calorimetric/chromatographic measurements taken to determine the amount of gases released during coal heating at various temperatures under laboratory conditions. Based on the results obtained in the course of the experiments, it was concluded that the amount of gas adsorbed in the seam depends on the type of coal and the gas. Within the multi-component gas mixture, hydrocarbons demonstrated the largest sorption capacity, especially as concerns propylene.
Introduction
Endogenic fire has been one of the most serious types of hazard affecting workers safety, economic loss and environment pollution in coal mining. This phenomenon is a consequence of coal self-heating caused by the accumulation of heat released from the contact of hard coal with oxygen from the surrounding air. A number of techniques based on optical microscopy and thermal studies have been investigated to determine the susceptibility of coal to spontaneous combustion [1] [2] [3] ; however, in order to evaluate the state of spontaneous combustion, mine operators apply fire indices [4] [5] [6] . The concept behind this method is based on the following: 1) the monitoring of mine air composition in selected places underground, 2) the assumption that the profile of the emission of gaseous oxidation products is characteristic of the temperature of the coal, and 3) determining the fire indices as calculated on the basis of the concentrations of gases in mine air. Typical composition of the gas mixture emitted during the coal self-heating process is as follows: carbon monoxide, carbon dioxide, hydrogen, methane, propane and ethane, propylene, ethylene and acetylene. As the temperature of the heating medium increases, the concentration of the above gases in the mine atmosphere increases. The relations between coal temperature, the value of fire indices and gas composition are established during the oxidation of a reference coal sample at different temperature ranges under laboratory conditions. Nevertheless, the results of the test carried out in laboratory condition cannot corresponded with the results obtained under field conditions because gases released from the source of fire migrate through the seam and may be subjected to adsorption or desorption on coal. The distance between the point where samples for the analyses are collected and the actual place where coal self-heating takes place may be quite remote. Since coal represents a fractured porous medium with a diverse character of the pore structure, the pores themselves are surrounded by zones of fractures and cleavage planes which enable gas permeability and adsorption. Gas sorption capacity depends primarily on the presence of micro-pores whereas transport pores i.e. meso-pores and macro-pores, as well as fractures are the decisive factors in gas flow as well as the ability of coal to permeability [7] . The structure of the pores varies with carbon content: the macro-pores dominate in lower rank coals while high rank coals contain mainly micro-pores [8] . Additionally, the geometries of gases molecules strongly affect the selectivity of gas transport in coal. Molecules with the small kinetic diameter can permeate more E3S Web of Conferences 19, 01010 (2017) DOI: 10.1051/e3sconf/20171901010 EEMS 2017 successfully [9] . Coal behaves as a binary system due to the presence of hydrophobic and hydrophilic areas on the surface of coal grains. Hydrophobic properties of coal surface are determined by aliphatic/aromatic hydrocarbons fragments of coal structure and fragments containing sulfur atoms (SH groups, thioethers) [10] . Hydrophilic properties of coal surface correlate to the occurrence of numerous active functional groups: methyl, hydroxyl, carboxyl and carbonyl. These groups give the apolar basic mass of hard coal a certain degree of polarity [11] . The ratio of hydrophilic and hydrophobic areas varies depending on the degree of metamorphism. As the carbon content decreases, the oxygen content increases; simultaneously, the number of the hydrophilic areas increases. Consequently, the greatest amount of sorbed gases is observed in the case of coals which are characterized by a low degree of metamorphism.
The sorption phenomenon accompanying the flow of gases through a coal bed may affect the values of gases concentrations in coal sample collected under field condition which may be overstated or understated. Research on gas sorption process on coal has been carried out mostly on pure-single gases or gas mixtures within the context of methane recovery. Under real conditions, gases emitted from the source of coal self-heating are a mixture of products characteristic of different temperatures of coal [12] ; hence, it is justified to conduct research on the influence of a multicomponent gas mixture flow through a coal bed on selected gases concentration in mine air.
Materials
For the purpose of the study, three coal samples were collected from the Upper Silesia Coal Basin. The fresh coals used throughout the study were crushed and sieved to grains of size ranging from 0.5 to 0.7 mm and from 1.0 to 2.0 mm. Finer coal fractions were used for the heating of coal in furnace but larger fractions was used as coal bed. Afterwards, the selected fraction of sample was divided to obtain a representative volume by means of the quartering method. Samples were coded with the consecutive numbers: sample 1, sample 2, sample 3. Table 1 .
Measurement methodology
The apparatus stand used for the research is presented in Fig. 1 . The system consists of two integrated main devices: a reaction chamber (furnace) for heating and oxidizing the coal samples at different temperatures and a quartz glass tube with the dimensions of 0.025 m x 1m for examining the sorption of gas mixture. A series of experiments were conducted according to the following procedure. Samples of the grain size from 1.0 to 2.0 mm and weight of 0.4 kg were placed in an air-tight container. The container with a given sample was located in the centre of the reaction chamber. A thermocouple was inserted into the container with the coal sample for monitoring the temperature of coal in the reactor. The furnace was heated up to the desired final temperature. When the predetermined temperature was reached, a stream of synthetic air comprising of O2 -20.5% vol. and N2 -78.5% vol. under constant pressure of 1•10 5 Pa was passed through the container; the airflow rate through the container was 5.56·10 -7 m 3 /s. As a result of the coal combustion, gaseous products were released and streamed through the glass tube filled with coal of the grain size ranging from 0.5 to 0.7 mm and the weight of 0.2 kg. At the inlet and outlet of the tube, gas samples were collected in 1.5-L Tedlar bags. The first gas collection temperature was 50 0 C. The cycle of the experiment for one sample involved coal heating at the temperatures of 50 0 C, 100 0 C, 150 0 C and 200 0 C, respectively. The choice of the grain size of coal and the airflow rate were determined by the technical limitations of the apparatus. Gas chromatography was used to determine the concentrations of each of the components of the mixture of gases released during the process of coal heating. For the purpose of obtaining optimal detector selectivity and sensitivity, suitable intensities of the carrier gas stream flow along with the temperatures of the detector and column were chosen. High purity argon was used as a carrier gas for hydrogen but in the case of carbon dioxide, carbon monoxide, ethane, ethylene, propane, propylene and acetylene pure helium was applied. The flame ionization detector (FDI) was applied to determine ethane, ethylene, propane, propylene and acetylene whereas for determining carbon dioxide, carbon monoxide and hydrogen, the thermal conductivity
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detector (TCD) was used. The compounds were burnt in a hydrogen/synthetic air flame. The application of special concentrator columns enabled to determine trace levels of ethane, ethylene, propane, propylene, acetylene within the scope of low-temperature oxidation. 
Results and discussion
Experimental data summarized in Figs. 2, 3 and 4 were presented as the percentage of gas sorbed in the coal bed for a given temperature. Based on the results, two characteristic regularities were observed, namely: coal sorption capacity was the highest as regards propylene and acetylene and the lowest in the case of carbon monoxide and hydrogen.
Carbon and oxygen content in coal are the most significant factors determining the behavior of coal with reference to sorbed hydrogen [13] . The percentage of hydrogen molecules in sorbed gas increases along the increase of carbon percentage and the decrease of oxygen amount. It was observed that the highest amount of sorbed hydrogen was gained for coal containing from 70 to 80% of carbon [14] . This behavior reflects the fact that the hydrophobic character of coal surface constitutes a factor which favors the sorbtion of hydrogen molecules. Furthermore, it has been found that sorption of carbon monoxide is closely related to the number of accessible active sites on coal surface [15] . The number of polar active sites centers in coal is proportional to oxygen content and inversely proportional to its carbon content.
The adsorption of saturated hydrocarbons is lower than the sorption of unsaturated hydrocarbons despite the fact that the concentration of propane and ethane was 2-3 times higher in the inlet gas stream. The sorption mechanism of non-polar molecules of propane and ethane is associated with a dispersion interaction [13, 16, 17] . The varied reactivity of propane and ethane can be related to the energy value of the C-H bond. Table 2 presents the typical bond energies for a C-H bond [18] . Propane which contains one secondary carbon is more reactive than ethane which has two primary C-H bonds. The high energy value of the primary C-H bond of 420 kJ/mol reflects the fact that ethane reacts with more difficulty with polar fragments of the coal structure. The sorption of unsaturated hydrocarbons: propylene, ethylene and acetylene has been previously discussed in the literature. Multiple bonds between the two atoms of carbon make gaseous substance more chemically active and undergo reactions with polar fragments of the coal structure [19, 20] . A double bond (C=C) in propylene and ethylene has one strong sigma and one weak π bonds; a triple bond (C≡C) in acetylene has one sigma bond with two remaining being π bonds. Additionally, a small size of the kinetic diameter of these molecules enables the gases to permeate to the micro-pores which are inaccessible for gases characterizing of larger kinetic diameters. However, the results of the experiment demonstrate that sorption preference is not always directly correlated with the dimension of the molecule. Acetylene is sorbed in a smaller amount than propylene despite the small kinetic diameter of 0.33 nm (kinetic diameter for propylene is 0.45 nm). Alkenes contain structural fragments characteristic of the alkanes. These groups may react in the same conditions as the alkanes. Hence, the varied reactivity of propylene and ethylene can also be linked to the value of the energy of the C-H bond. Ethylene presents vinylic C-H bond, while propylene has both vinylic and allylic C-H bonds [18] . The energy of allylic bonds is 361 kJ/mol, the energy of vinylic C-H bonds are higher than 400 kJ/mol. It may be therefore assumed that propylene is more reactive with polar fragments of coal than ethylene. To sum up, the difference in the reactivity between the unsaturated hydrocarbons and saturated hydrocarbons could be explained by the reactivity of the carbon-carbon bond and the value of the energy of carbon-hydrogen bond. Alkenes are relatively stable compounds, but are more reactive than alkanes either because of the reactivity of the carbon-carbon π-bond or the presence of allylic C-H bond.
In the literature, the sorption of carbon dioxide was mostly considered in the aspect of enhanced coal bed methane recovery. According to literature [21] [22] [23] , the CO2 affinity for the coal structure is twice as much as the methane, and methane is readily desorbed from the coal and replaced by carbon dioxide. The phenomenon of preferential carbon dioxide adsorption on natural coals is connected with a linear molecule shape, small size of the kinetic diameter of molecules (0.330 nm), large adsorption affinity (energy), high quadrupole moment and low value of the activation energy [24, 25] . The percentage of gas adsorbed [% vol.] Temperature of coal sample in the reaction chamber [ 0 C] Based on the analysis illustrated in Table 1 , each sample represented different coal rank group. Sample 3 has the highest carbon content, followed by sample 1 and sample 2. The lowest degree of metamorphism of sample 3 corresponds to the highest oxygen content. It is generally known that coal with low carbon content and high oxygen content has the highest sorption capacity. Sample 3 sorbed acetylene and propylene at all temperatures. Interestingly, despite the high content of mineral matter, low sorption capacity was not observed for sample 3. Most probably, the composition of mineral substance had a positive influence on coal sorption capacity. Similar observations were made by Deng et al. [26] who concluded that mineral composition may influence the volume of pores consequently reducing or enhancing the gas sorption capacity. Additionally, they found that clay, the most commonly occurring inorganic constituent of coals, has strong positive correlation with surface area and pore volumes. The petrographic analysis of coals indicated that sample 3 has the highest content of vitrinite and the lowest content of liptinite and inertinite. Virtinite group is less porous than inertinite but has high sorption capacity due to its high micropore fraction [27] . This relation may correspond to specific surface area and sorption capacity of sample 3. It was also reported in the literature that vitrinite contains more aromatic components than inertinite and liptinite groups which contain more aliphatic groups [28] [29] [30] . The hydrophobic properties differ for each group: aromatic groups are less hydrophobic than aliphatic groups [8] .
The sorption capacity of samples 1 and 2 was lower probably as result of the increase in the degree of condensation of aromatic rings in internal vitrinite structure with the increase in coal rank and the decrease in micropores [29] .
Conclusions
The study on the influence of a multi-component gas mixture flow through a coal bed allowed for the characterization of selective sorption of gases in relation to different coal rank groups. On the basis of the research experiments, it can be concluded that the sorption capacity of coal with respect to multicomponent gas mixtures as a sorbate depends on the interaction between gases molecules and coal structure. In the course of the experiment, propylene was sorbed in the largest amount. This could be explained by both the occurrence of the reactivity of the double π-bond (C-C) and the allylic bond (C-H). Carbon monoxide and hydrogen constitute gases which were sorbed in the smallest amounts. The sorption capacity of the three coal samples tested changed depending on the coal rank. Sample 3 with the lowest degree of metamorphism and high content of oxygen as well as vitrinite and mineral matter reveals great sorption capacity. The high content of oxygen indicates that the surface of sample 3 may be strongly hydrophilic due to some oxygen-functional groups present on the coal surface. Test results confirm a positive correlation between mineral matter content and sorption capacity of coal. 
